Based on various deformation mechanisms occurring during solid state sintering (pressureless and pressure assisted), a multitude of sintering models have been developed and presented in literature. As reported in literature, most of the simulation results line up well with experimental data. Unfortunately, none of them can be used arbitrarily and none of them are applicable to a generalized case. This paper focuses on a comparative study of three commonly applied models. The first model is based on a physical approach (Riedel) and the other two are phenomenologically based models (the modified SkorohodOlevsky Viscous Sintering (SOVS) model and a modified Abouaf model). The material models have been implemented through FORTRAN Subroutines used for the FE-Software ABAQUS. The simulation results demonstrate their advantages and disadvantages based on sintering simulations of an aluminum oxide based ceramic cylinder and a bilayer laminate. A guideline to select a suitable model and the adjustment of input parameters under different sintering conditions for general usage is also discussed.
Introduction
Sintering is a thermal treatment for the bonding of particles into a coherent, predominantly solid structure via mass transport events that occur at the atomic scale. This bonding leads to improved strength and a lower system energy.
1) The process of sintering leads to densification of materials and results in components having elevated mechanical, thermal, and electrical properties. At the microstructural level, sinter bonding becomes evident as the necks at the particle interactions grow in size. Atomic level interactions are responsible for the sintering of particles which try to minimize the surface energy of the interacting particles. The whole sintering process can be divided into various stages, as shown in Fig. 1 , based on the geometrical transformations the grains undergo during the densification process. 1) When the powders are mixed and poured into the die before green compaction, the particles have a point contact with a random distribution between each other. The initial stage of sintering is characterized with the growth of the sinter bond from the initial single point contact. In the intermediate stage, the pore volume starts to reduce and the major densification of the compact takes place in this stage. This stage is also characterized by pore rounding and an increase in grain size. The final stage of sintering is characterized by the closing of pores, pore isolation, and pore migration.
The sintering processes can be broadly classified into pressureless and pressure assisted sintering as seen in Fig. 2 .
1) Solid state sintering and liquid phase sintering are the most commonly practiced techniques in pressureless sintering. In liquid phase sintering at least one phase melts at sintering temperature leading to complete wetting of the remaining solid particles. Some modern and novel processes include pressure assisted sintering which enhances the densification and reduces grain coarsening of the sintering compact. The pressure assisted sintering techniques can be further classified into low stress and high stress processes based on the magnitude of the pressure applied during the process. Besides diffusion controlled transport mechanisms creep and viscous flow constitute the major mechanisms in low stress pressure assisted processes and plastic flow is majorly responsible for sintering under higher stress.
Shorter computational times have led to the development of various numerical models for the sintering process, to be applied in different length scales. The sintering models can be broadly classified based on the simulation technique as shown in Fig. 3 .
2)
Molecular dynamics (MD) and Discrete Element Methods (DEM) techniques are used for atomic scale modeling. DEM, Monte Carlo simulations and Neural Network techniques are utilized in particle level simulation of sintering. Lastly, analytical methods and Finite Element Methods (FEM) have been used for simulation of sintering on the component scale. Molecular dynamics (MD) is a computer simulation of physical movements of atoms and molecules. The atoms and molecules are allowed to interact for a period of time, giving a view of the motion of the atoms. Xu et al., 3) Kart et al., 4) Ogura et al. 5) used Molecular Dynamics to study the sintering behavior of nanoparticles.
Discrete Element Method simulations include methods that consider the motion of a large number of small particles. Though the method is closely related to MD, it is differentiated from the latter due to the presence of additional rotational degree of freedom that is introduced to the particles in DEM. These methods can be used to study sintering characteristics such as influence of initial powder distribution on densification, grain coarsening, neck size, etc. Plankensteiner et al., 6) Schmidt et al., 7) Wang et al. 8) used various DEM software codes to investigate sintering behavior and various sintering mechanisms for a collection of particles. Monte Carlo models are a broad class of computational algorithms that rely on repeated random sampling to obtain numerical results. The sintering characteristics that can be investigated by using Monte Carlo simulations are microstructural evolution, grain growth, and grain size distribution. Braginsky et al. 9 ) and Hassold, et al. 10) developed certain models that used Monte Carlo simulations to simulate certain microstructure evolutions such as pore shrinkage, grain growth, pore breakaway during sintering. Neural networks are composed of simple elements which operate in parallel. The inspiration in building these elements has been derived from the biological nervous system. Commonly neural networks are adjusted or trained, so that a particular input leads to a specific target output. In case of sinter modeling and simulation using neural networks, Rasouli et al. 11) and Smith et al. 12) developed and trained a neural networks, to study microstructural changes during the sintering process. Certain analytical approaches are available for the prediction of densification and grain growth of a powder compact but are restricted on their usage as they fail to predict the geometrical changes a component undergoes during sintering. One of the first analytical models was developed by Ashby. 13) A master sintering curve was developed by Johnson et al. 14) It characterizes the sintering behavior of a powder compact independent of the specific heating profiles. The Finite Element 2) Method is one of the approaches most widely used for component level modeling of mechanical problems. It also has been applied for the simulation of sintering. 15 ), 16) The sintering models can also be broadly classified into phenomenological models and physical models. One of the most widely used phenomenological models for pressureless sintering is the model developed by Olevsky. 17) Another, well known model under this category is the Abouaf model 18), 19) for hot isostatic pressing (HIP). Due to limitations on the predictive power of the phenomenological models and their dependency on rheological parameters, physical models were built by considering the effects of various physical diffusion mechanisms (grain boundary diffusion, surface diffusion, volume diffusion, plastic flow, etc.) on physical sintering parameters such as grain size, neck size, sintering stresses etc., at various stages of sintering. The Riedel model described below is one of the physical models developed for sintering. 20) , 21) Due to their extensive usage and versatility in the sinter simulation community, the Riedel, Olevsky, and Abouaf models, have been used in this work to carry out a simulative study through case study analysis. Several case studies have been investigated in this work on two different geometries, one being a cylinder and the other being a laminate, where both are extensively used in the powder technology industries for various applications. For this study the Abouaf model had to be modified in order to simulate pressureless sintering and for pressure assisted sintering with lower pressures. The SOVS model is also used in its modified form which includes the influence of the grain growth kinetics and sintering 16) The model considers grain boundary diffusion to be the dominant transport mechanism and also considers the effects of surface diffusion, which is the predominant mass transport mechanism in the initial stage of sintering, and bulk diffusion which acts in parallel to the grain boundary diffusion. The model also makes a clear distinction between open and closed porosity conditions as the densification rates are different in the two stages of sintering. The influences of initial particle redistribution and grain coarsening are also studied in this model. For low to moderate externally applied forces the rates of the stress directed diffusion depend linearly on the stress. In this case the macroscopic strain rate tensor _ ¾ ij , expressed in Eq. (1), is treated as a linear function of deviatoric stress tensor 0 · ij , hydrostatic stress · m , sintering stress · s , gas overpressure ¦p, shear G R and bulk K R viscosities of the powdered medium with ¤ ij as the Kronecker delta.
Due to the inverse linear dependence of creep strain rate on the stress, an inverse quadratic dependence on grain size of the powder compact as studied by Bruton 22) and Cooks, 23) and a correlation of these effects to the viscosities used in constitutive Eq. (1) the shear and bulk viscosities can be expressed as shown in the following equations.
where, k is the Boltzmann constant, T is the sintering temperature, ³ is the atomic volume, ¤D b is the thickness of the grain boundary times the grain boundary diffusion coefficient, ª is a function used to have a smooth interpolation between open and closed porosity, k 1 and k 2 are normalized bulk viscosities in open and closed pore condition, respectively; g 1 and g 2 are normalized shear viscosities in open and closed pore condition, respectively; ¡ is a free parameter defining the deviation from linearity, R is the average grain radius, and " · is the effective stress which is defined as shown in Eq. (6) , where · e is the equivalent von Mises stress.
The mechanical stress during process of sintering, known as sintering stress, balances the internal tension forces so that the porous solid does not shrink is derived from the Laplace equation is represented in Eq. (7). £ s is the specific surface energy and · Rs1 & · Rs2 are the sintering stresses in the open and closed stages respectively
By considering conservation of mass during the sintering process the densification rate, _ μ is defined as the trace of the stain rate tensor, _ ¾ kk as seen in Eq. (8), where, μ is the relative density of component.
In addition to densification, the sintering process is also accommodated by grain growth and the rate of grain coarsening, _ R, is defined by Hillert's law and expressed in 15) and is shown in Eq. (9) .
where £ b is the specific energy for grain boundary diffusion, M b0 is the pre-exponential factor for grain boundary mobility, Q m is the activation energy, R g is the gas constant, T is the sintering temperature and F d & F p are the Hillert's modification terms with F d as a term introduced to consider the effects of unsteady state grain size distribution and F p is introduced to compensate for the drag effects experienced by the pore during its isolation and migration from the grain boundary. All supportive equations are defined in the Appendix. The set of parameters used for the simulations are as shown in Table 1 .
The model developed by Riedel and coworkers, helps one to understand the physical mechanisms such as diffusion that drives the sintering process. On the other hand the model needs a large number of model parameters such as activation energies and preexponential factors for the various mechanisms. In the practical use the identification of these parameters could be difficult in the case of doped ceramics or metal alloys.
The complementary input parameters for the FEM simulations are the density, which for the Aluminum oxide at 25°C is 3.960 g/cm 3 . The other properties such as thermal conductivity, thermal expansion, specific heat and Young's Modulus are temperature dependent. These material parameters are taken from literature 24) ] Grain boundary diffusion
as seen in Fig. 4 . The elastic properties of the material are needed in the FEM simulations for the calculation of the total strain for a particular increment, where the total strain is the summation of the elastic strain and the inelastic strain.
Phenomenological models for sintering and sinter forming 2.2.1 Skorohod-Olevsky viscous sintering (SOVS) model
The original model was developed mathematically by Skorohod.
25) Olevsky 17) modified this model for numerical simulations based on continuum mechanics and Newtonian viscosity, resulting in a phenomenological constitutive model. In this model, the porous body is considered to be a medium with two material components including a core phase and a void phase. The core phase consists of particles which can be characterized by a nonlinear viscous incompressible behavior. The void phase is assumed to be homogeneously distributed within the porous body. The behavior of the whole porous body is considered to be isotropic. 26 ),27) For a general case, the SOVS constitutive Eq. (17) for a nonlinear porous material can be expressed as shown in Eq. (10) .
where · ij is the Cauchy stress tensor, · eq is the equivalent stress, _ ¾ eq is the equivalent strain rate, _ ¾ 0 ij is the deviatoric strain rate tensor, _ ¾ 0 kk is the trace of the strain rate tensor, · s;SOV S is sintering stress (the Laplace pressure), ¤ and ¼ are normalized shear and bulk viscosities, respectively.
Linear viscosity function in SOVS model
Since linear viscosity is a quite popular assumption for material properties in the sintering process, it is also simple to obtain parameters from sintering experiments that can be numerically implemented. Therefore, a linear viscosity type model is often employed. The relationship of linear viscosity in the SOVS constitutive equation is expressed by · eq ¼ 2© o _ ¾ eq in which © o is the shear viscosity of the fully dense core material. 26) Therefore the Eq. (10) can be rewritten as (11)
The inversion of Eq. (11) gives the relationship between the inelastic part of total strain rate and the deviatoric and volume stresses. Therefore, the viscous sintering strain rate can be expressed as (12)
where
is hydrostatic stress, Note that three major parameters (G SOVS , K SOVS , · s,SOVS ) in Eq. (12) are functions of relative density and temperature. The evolution of the relative density, μ, in the SOVS model is also subject to the mass conservation principle as shown in Eq. (8).
Modification of SOVS model for aluminum oxide powder compaction
The major advantage of the phenomenological SOVS model is that it can be easily implemented in numerical simulations. The most important input parameters may also be determined easily by curve-fitting their mathematical expressions (so called polynomial viscosity functions) onto data from sintering experiments. Consequently, it provides a simple constitutive equation to describe the solidification behavior of a sintering body. According to Reiterer, 27) the prediction of the solidification evolution based on the polynomial viscosity function did not match those from sintering experiments. Moreover, the influence of grain growth on the densification evolution is not explicitly considered in the original SOVS model. Therefore, the authors in 26), 27) suggested that the viscosity should be expressed in the form of an Arrhenius-type function and should consider the grain growth, as complimented by Shinagawa, 28) who expressed the shear viscosity in a phenomenological constitutive model as a function of temperature and grain growth. Additionally, the sintering stress is also a function of the grain growth and relative density. These modifications provide a constitutive equation for the phenomenological model that can accurately describe the solidification mechanisms of a porous body during sintering. Therefore, in this paper, Shinagawa's suggestion of the sintering stress is incorporated into the SOVS constitutive law. We call this the modified SOVS model. The phenomenological constitutive equation described in Shinagawa's work 28) expressed as in Eq. (13)
The sintering stress, · s,SOVS , is a function of the relative density and grain growth, expressed in Eq. (14)
Where £ is the specific surface energy, N s is an exponential fitting parameter for sintering stress, R is the radius of grain (d/2), and μ o is initial green density. Viscosity is a function of temperature and grain size (15)
Where C s1 and C s2 are constants which are determined from curve-fitting from the relationship between viscosity and temperature during sintering experiments. The evolution of grain growth during sintering is expressed in Eq. (16) Fig. 4 . Material properties of Alumina as functions of temperature. 24) Van Nguyen et al.: A comparative study of different sintering models for Al 2 
In which m and ¢ are constants determined from comparative experimental studies 28) and d o is the initial grain size. Comparing Eqs. (12) and (13), shear and bulk viscosities of the SOVS model are explicitly expressed in the relationship of temperature, relative density, and grain growth as Eq. (17)
The material constants for simulation of sintering aluminum oxide powder have been taken from literature 32) and are given in Table 2 .
Abouaf and the modified Abouaf model
Among many different models following the macroscopic approach, the densification model suggested by Abouaf 18), 19) has been frequently employed to simulate the densification process during hot isostatic pressing (HIP). The major advantage of this model is its simplicity and its ability to predict the final shape for big and complex shaped components. Abouaf's model is based on the assumption that the inelastic deformation during HIP is composed of rate dependent plastic deformation (viscoplasticity). The constitutive equation of this model can be described as seen in Eq. (18)
Where: A(T) = exp(¹Q/RT) and N are the Dorn's constant and the creep exponent of the fully dense material respectively, Q is the activation energy of the particular creep mechanism, R is the gas constant and T the absolute temperature. · eq is the equivalent stress of creep deformation for a porous body which considers the volumetric changes under hydrostatic stress as shown in Eq. (19) .
where, J 2 and I 1 are the second invariant of the deviatoric Cauchy stress tensor and the first invariant of Cauchy stress tensor (I 1 = · m ). The rheological parameters (c a and f a ) are functions of the relative density, μ and can be determined experimentally; when μ = 1 then f a = 0 and c a = 1, the Eq. (19) will return to the Von Mises criterion of the dense material. The relative density evolution is calculated based on the mass conservation law as shown in Eq. (8) . As seen in the model, only a few parameters are necessary and they can be easily determined from experiments. Therefore, this is a big advantage when compared to the physical model mentioned previously. This model has been used, in previous work, to simulate the densification of the stainless steel 316L powder by HIP. The final shape of the big and complex shape components can also be predicted well. The HIP cycle used was at 1125°C with hydrostatic pressure of 110 MPa. The obtained simulation results lined up well with experimental findings and were published in. 29) 32) The Abouaf model is a macroscopic model which can predict the volumetric and shape changes along with sintering characteristics such as densification accurately for high pressure sintering. On the contrary, it cannot predict the microstructural changes such as grain growth, nor can it be used for low or pressureless sintering where diffusional mechanisms of mass transport prevail. Therefore, in this study, the Abouaf model is modified to solve these problems. Mass transport mechanisms responsible for the sintering process are diffusion mechanisms for pressureless or low pressure assisted sintering and plastic flow for high pressures. The plastic flow mechanisms are either rate dependent (dislocation creep) or rate independent (diffusion creep). For high pressure assisted sintering process, the dislocation creep (power law creep) is the dominating mechanism, as described in the deformation maps of Frost and Ashby.
33) Therefore, the viscoplastic Abouaf model reflects the dominating densification mechanism and can be used as constitutive law. In case of pressureless or low pressured assisted sintering, the original Abouaf model is modified by taking the diffusion creep mechanism in to consideration, either along grain boundaries or through the lattice, 13) into account. The modification is shown in Eq. (20)
where:
where · s,A is sintering stress which has been developed by many different authors and overviewed in. 28) The sintering stress equation is derived from the change in the surface energy or from the chemical potential at the neck. In this study, the sintering stress, as shown in Eq. (21), is used.
28)
Where: R 0 is the initial radius of the grain and μ 0 and μ are the relative density of green body and the actual relative density, respectively. The rheological parameters c a (μ) und f a (μ) shown in Eqs. (22) and (23) are used. They are obtained from fitting functions with sintering experiments presented in. 16 )
The material constants of modified Abouaf model for simulation of sintering aluminum oxide powder are given in Table 3 .
Case studies
The Riedel model, the modified SOVS model and the modified Abouaf model, introduced in the previous section have been implemented through FORTRAN Subroutines with the FESoftware ABAQUS. Comparable studies have been conducted for a simple cylinder and a laminate sample to investigate the potential of each model. 
Cylindrical samples
The cylindrical sample has an outer diameter of 8.9 mm and a height of 10.38 mm in the green state prior to densification. Due to the presence of symmetrical boundary conditions along the cylinder a half 3D model as shown in Fig. 5(a) was used for the simulation, which helps in reducing the computation time for the simulations. Effects of non-linear geometry have been considered during the creation of the FE Model due to the presence of large strains.
In this model, two punches are modelled as rigid bodies. A penalty contact with friction is used to model the interaction between the punches and sample. A coefficient of friction of 0.15 is added with a hard normal contact. This value was chosen as it has shown good conformance with the geometry in the literature. 16) As the sample is small, a uniform temperature field has been applied in this work. The temperature profile in the simulation matches that of the experiment and features a heating rate of 10 K/min and a isothermal sintering temperature of 1450°C with a holding time of about 60 min before cooling down [ Fig. 5(b) ]. A force is applied on the rigid body in the axial direction and the magnitude of the force has been derived from the experimental values from the same work. The force is applied immediately after the attainment of the sintering temperature and is released subsequently. A coupled thermal and stress 3D element C3D8T with the element size of 0.34 mm was used. The initial grain radius was around 0.15 microns and the initial relative density was 59%. The simulation results are shown in Figs. 6 and 7. The experimental values from the literature were available only until the full density. The graph in Fig. 6(b) shows the evolution of maximum relative density in all the three models compared with the experiment. The comparison between the dimensional changes in simulation and experiment is shown in Table 4 .
The relative density evolution in an experiment with 20 MPa is compared with simulation results from the three models as seen in Fig. 6(b) . The simulation results of relative density for the Riedel, the modified SOVS and the modified Abouaf model agree well with experiment results reported in.
16) The final grain radius prediction for the Riedel model is particularly accurate when compared with the experiment. The grain radius calculation is not included in the modified Abouaf model. The modified SOVS model utilizes a grain growth rule which is different from the one used in the Riedel model. Due to this the final grain radius prediction is exaggerated and deviates largely from the exper- JCS-Japan imental value. This study was conducted for other pressures levels such as 0, 10, and 30 MPa. Numerical results show that the barrel shape formation is more evident for higher pressure. This effect has been observed also by experiments.
16) The simulation results also show that decreasing pressure leads to reduced shrinkage and a lower relative density after sintering. Another set of results consists of the axial and radial strains as seen in the Fig. 7(b) . Both predicted strain components agree well with experimental data for all three models used. One reason for slight deviation in the prediction of the strains might be found in the use of slightly different material properties than the ones used in the literature. In the literature the powder under consideration was Reaction Bonded Aluminum Oxide which is a mixture of Aluminum Oxide, Aluminum, and Zirconia in appropriate proportions. In this work the material properties were considered for pure Aluminum Oxide.
Two layer laminate
A two layered laminate was simulated using the three sintering models and was validated with experimental data. The experimental laminate samples were provided by the Chair of Glass and Ceramics of the Friedrich-Alexander University of ErlangenNuremberg, Germany.
34) The laminate green part has an initial length of 40 mm, a width of 15 mm, and a thickness of 0.6 mm for each layer. The co-fired laminate consists of two ceramic components A and B made of Aluminum oxide having different green densities, but sample particle size of 1¯m prior to sintering. Initially, sintering experiments were conducted to measure the relative density and the shrinkage of the single material ceramic laminate. The laminates were subjected to free sintering (pressureless unconstrained sintering). The temperature profile is shown in Fig. 9(b) . The heating and cooling rates are identical and have a value of 5 K/min. Later on, a second experimental study included the measurement of the deflection of the bilayer ceramic laminate. The total thickness of the bilayer laminate in this case was around 1.2 mm. The bilayer laminate was again subjected to the same temperature profile as the single layer laminates. Material A was on top with an initial relative density of 0.61 and material B on the bottom had the initial relative density of 0.64. The two layers were bonded in their green state using thermal compression, after which the laminate was sintered. 35) The results obtained with the single sintering experiments seen in Fig. 9 show that the first material experiences isotropic shrinkage with a final relative density of around 98%. On the other hand the other material experiences anisotropic shrinkage, yielding in a lower final relative density which is around 89%.
In the FEM simulations a coupled thermal and stress 3D element, C3D8T, with an element size of 0.34 mm was used. The model was constrained by encastering one single node located at the bottom of the laminate along the cut boundary. Similar to the cylindrical model, due to the presence of symmetrical boundary conditions a quarter of the model was constructed and symmetric boundary conditions were applied to the symmetry plane as seen the Fig. 9(a) .
The material parameters for the other models were based on particular experimental values, complemented with values from literature. Initially, the combination of experimental data and published data from different sources did not yield satisfactory results, with high errors in either the simulated volume shrinkage or the density, indicating that conservation of mass was not apparent in the simulations. To overcome this, the material parameters were attenuated to each other in such a way that the simulated shrinkage and density showed better congruence to the experimental values. For material A, a larger amount of experimental data has resulted in a better fit than for material B.
As in the experiments, the simulation of the models for the bilayer ceramic case study was conducted in two steps. First, both constituents were simulated under free sintering conditions separately and the results were compared to the experimentally determined lateral and longitudinal free sinter shrinkages and density of both materials. Secondly, a bilayer ceramic was simulated for which the results were compared to the transverse and longitudinal deflection of a laminate after sintering. The deflection is measured at the positions, shown in Fig. 8(b) . The results are presented in Table 5 .
The results of density and shrinkage simulation for the free sintering of material A show that differences between numerical prediction and experiment smaller than 12% were obtained for all three models. As mentioned before, the fit capabilities for material A were better than those for material B, resulting in errors up to 20% for material B. It can be observed that the errors obtained for the Riedel model are consistently higher than those for the phenomenological models. This is due to the larger amount of parameters necessary for the Riedel model and the higher difficulty to obtain a good fit for the input parameters to match the experimental results. It can also be observed that the simulation results show isotropic shrinkage, whereas the experiments have shown anisotropic shrinkage behavior which is inherent to ceramic tape casts. None of the models were able to capture this anisotropic behavior.
The deflections, in both directions, captured by the simulations of the bilayer laminate with the Riedel model are underestimated. On the contrary, these values are simulated with reasonable error by the modified SOVS and the modified Abouaf models. A reason for the underestimation of the deflections in the Riedel model is due to the development of this model for free sintering. Therefore, the model does not consider the constrained sintering mechanics and it would need modification for modeling constrained sintering. The modified SOVS model was developed for free sintering, as well as for constrained sintering.
During sintering, the mutual constraints on motion between the layers induces stresses and strains that result in out-of-plane deformation. If the differences in sinter shrinkage are too large, or accompanied by super positioned stresses occurring from thermal expansion mismatch in case of different materials, the laminate may fracture and/or delaminate, as shown in Fig. 10(c) . In future work, the prediction of critical stresses and strains in multilayer laminates using one or more models should be investigated in order to evaluate laminate layer compatibility prior to production.
Conclusion
Three sinter models have been implemented in a FEM software and have been compared using two case studies: the pressure assisted sintering of a cylinder and free sintering of a single layer laminate and the co-sintering of a bilayer laminate. The Riedel model is a physical based sintering model that is used for predicting the macro-structural changes during sintering such as densification and volumetric and shape changes. It can also predict the grain size with considerable amount of accuracy. It was concluded that this model can be utilized for free (pressureless and pressure assisted sintering). Since it is a physical based model, one can easily relate with the different mass transport mechanisms that are responsible for the sintering process. It should be pointed out here, that this model is quite extensive in terms of model parameter determination, which becomes especially challenging for new materials. The phenomenological models, being the modified SOVS model and the modified Abouaf model, can be utilized for free sintering as well as for constrained sintering as highlighted through the case studies investigated above. No significant differences were observed between their performances for the case studies. Both models depend on certain rheological terms which have to be experimentally determined. Though less in number, these terms need to be determined for even slight changes in boundary conditions such as changes in pressure or temperature cycles.
Outlook
As pointed out in the previous sections the sintering models investigated here do not take anisotropy into account during sintering. Anisotropic shrinkage plays a pivotal role in densification behavior and volumetric changes for multilayer laminates. The simulations in the case studies did not consider inhomogeneous powder distributions. With extensive sets of experiments the initial powder density distribution can be estimated and this can be incorporated into the simulations with all the sintering models. In addition to the powder density distribution the powder grain size distribution also needs to be considered to estimate the volumetric changes and the final relative density of the component under consideration. The dependency of material properties on relative density and temperature was not considered in this work due to incomplete experimental data. These factors need to be considered for improved simulation results. In case of laminate simulation, an accurate simulation of stresses and strains becomes increasingly important to predict failure during production. The Riedel model is an extensive physical model for pressureless and pressure assisted sintering. The constitutive equation and other equations described in section 2.1 are supported by additional equations and have been listed below.
The dihedral angle » is defined as the angle between the surfaces of two interacting particles during the intermediate stage of sintering. The equation for relative density at which pore closure takes place, μ cl or the relative density at which the transition from open porosity to closed porosity occurs has been derived as a fitting equation of various plots by Svoboda et al. in. 36) μ cl ¼ 1:05 À 0:115» (24) where,
and £ b and £ s are the specific energies for grain boundary diffusion and surface diffusion respectively. Porosity of the powdered compact is defined by the Eq. (26):
where, μ is the relative density.
where R 0 is initial average grain radius and the term ¤ is a factor that lies between ¹¨& 1.
where f is porosity, k is Boltzmann constant, ³ is the atomic volume and ¤D s is the surface energy diffusion coefficient. D 1 D 3 are functions of the dihedral angle and are defined below. Once the pore closure takes place the gases get trapped in the pore and if we consider an ideal gas condition where the trapped gas cannot escape through the medium, entrapped gas then exerts a force on the compact during densification. This has a very small effect on the densification rate as seen in 21) where the gas pressure is around 0.5 MPa at relative densities of 98% during the sintering of silicon carbide. The gas over pressure is given by the following equation
C 5 exp½ÀC 6 ð0:32 À fÞ if μ < 0.68 ð30Þ
where, · s1 is the sintering stress for open porosity and · s2 is the sintering stress for closed pore condition, f is the porosity and » is the dihedral angle. C 0 C 6 are functions of dihedral angle defined below. In order to have a smooth transition between open and closed pore conditions, rather than stepped one, a mathematical function ª, is defined in the following manner:
where μ lo and μ hi are arbitrary values chosen between which the smooth transition takes place and are given by μ lo ¼ μ cl À 0:04
Rearrangement can contribute to densification and deformation only in the initial sintering stages. Above a certain density (here 63%, the relative density of a random dense sphere packing) rearrangement can make no further contribution to densification. The effects of particle rearrangement have been taken into consideration by introduction of a term U given by ( 
where, the parameter £ is chosen to be a small value of 0.2. If the value is 0 then the particle rearrangement has no influence in the model. Grain boundary diffusion is the most dominant transport mechanism in this model. The material that flows out of a grain boundary over the pore surface is said to take place due to surface diffusion. Since, the large surface areas are present in the initial stages of sintering, surface diffusion is mostly effective only in the initial stages of sintering. Volume or bulk diffusion is said to be in parallel with the grain boundary diffusion and the surface diffusion is said to be in series with the grain boundary diffusion. By taking the above into effect the normalized bulk viscosity for the powder material is defined as (35)
where, the subscript 1 denotes the value for open pore condition and the value 2 denotes the value for closed pores. The subscripts b, s and v denote the values for grain boundary diffusion, surface diffusion and bulk diffusion respectively and are defined below 
where, ¤D b0 , ¤D s0 and D v0 are the pre-exponential factors for grain boundary diffusion, surface diffusion and volume diffusion respectively and Q b , Q s and Q v are the respective activation energies.
Similar to the normalized bulk viscosities, normalized shear viscosities are also defined for open and closed pore condition in the following manner 
